Introduction
The pulmonary surfactant is a complex mixture of lipids and proteins that forms a thin film at the air-liquid interface of the lung alveoli, which is essential for respiratory functions and gas exchange [1] . Apart from its function in the gas exchange process, the surfactant also provides the first line of innate immune defense in the lungs. Its mechanism of action relies on the enhancement of microbial neutralization and the clearance of microorganisms, as well as attenuation of potentially harmful inflammatory responses [2] [3] [4] [5] [6] [7] [8] [9] . The major components responsible for this immune defense function are the pulmonary surfactant proteins, i.e. SP-A, SP-B, SP-C and SP-D. SP-A and SP-D, which are large proteins structurally The current study investigated the effect of S. aureus extracellular proteases, including ScpA, staphopain B, V8 protease and aureolysin, on the integrity and function of SP-A. We found that among tested staphylococcal proteases ScpA most efficiently degraded SP-A and abolished the antibacterial activity of this surfactant protein.
Materials and Methods

Cells and Bacteria
Polymorphonuclear cells (neutrophils) were isolated from erythrosediments by blood sedimentation in 1% polyvinyl alcohol solution (Merck) for 20 min at room temperature. Neutrophils were collected from the upper layer and contaminating erythrocytes were lysed by a 20-second incubation in demineralized water. Pappenheim staining indicated that isolated cells were at least 90% homogenous. Neutrophils were used immediately after harvesting. Human lung carcinoma A549 cells (ATTC CCL-185) were cultured in D-MEM media (PAA) supplemented with 10% of FBS and non-essential amino acids (PAA).
Well-characterized S. aureus strains: Newman (human isolate; kindly provided by T.J. Foster), LAC (Los Angeles County; community-associated, methicillin-resistant strain) and 8325-4 (laboratory strain; high expression of proteolytic enzymes), a kind gift from Lindsey Shaw, were cultured in tryptic soy broth (TSB) liquid medium (Sigma-Aldrich). Salmonella spp. (kindly granted by Dr. Kinga Wójcik) was cultured in Luria-broth liquid media (Sigma-Aldrich). In all cases, the bacteria concentration was assessed by optical density measurements in liquid media (OD 600 or OD 660 ) or by scoring the number of colonies on solid media (colony-forming unit number; cfu).
Isolation of S. aureus Extracellular Proteases
Both staphopains and V8 protease were purified from the S. aureus BC10 V8 strain, as described previously [39] . Staphopain B and V8 protease were purified on a Q Sepharose FF (GE Healthcare) column at pH 5.5. Fractions containing proteolytic activity were further purified on a Phenyl Sepharose High Performance column (GE Healthcare). ScpA was purified using CM Sepharose FF (Amersham-Pharmacia) chromatography followed by highresolution ion exchange chromatography on a MonoS HR 5/5 column (GE Healthcare).
Aureolysin was purified on a DEAE-Sepharose column (GE Healthcare). Resulting fractions exhibiting EDTA-sensitive proteolytic activity were pooled and dialyzed against 50 m M Tris-HCl pH 7.6. All proteases were aliquoted and stored at -20 ° C.
Enzymatic activity of ScpA, staphopain B in purified samples was determined by titration using azocol substrate with macroglobulin and staphostatin B, respectively. Activities of aureolysin and V8 protease were assumed to be 100%.
Proteolytic Processing of Surfactant Protein A
Cysteine proteases (ScpA and staphopain B) were activated by incubation in buffer containing 2 m M DTT, 50 m M Tris-HCl, pH 7.6 and 5 m M EDTA. SP-A was incubated in the presence of bacterial proteases at 37 ° C for 90 min. Furthermore, samples containing SP-A were mixed with SDS-PAGE sample buffer, separated on polyacrylamide gel and electrotransferred onto a nitrocellulose membrane for Western blot analysis with IgM polyclonal mouse antibodies against SP-A proteins (Millipore MAB3270) and rabbit ␣ -mouse HRP-conjugated antibody (BD Pharmigen), as primary and secondary antibodies, respectively. A signal was developed using the ECL kit (Thermo Scientific).
To determine whether the degradation of SP-A by ScpA is time dependent, the protein was incubated in presence of 50 n M ScpA for 180 min at 37 ° C, and after 12-, 30-, 45-, 60-, 90-, 120-and 180-min samples were withdrawn into the SDS-PAGE sample buffer and immediately boiled to stop the reaction. Analysis with Western blot was carried out as described above.
Degradation of SP-A in Bronchoalveolar Lavage in Presence of
S. aureus Proteases S. aureus (strains LAC, Newman and 8325-4) were cultured overnight in liquid media, supplemented with casein (5%) and ␤ -glycerophosphate (5 g ؒ l -1 ). Bacteria were pelleted (4,000 g , 20 min) and supernatants were tested for their enzymatic activity. Aggregation Assay Salmonella spp. was cultured overnight in Luria broth media. Bacteria were pelleted by centrifugation (4,000 g , 20 min) and washed three times with sterile 1 ! PBS. A bacteria cell pellet was re-suspended in sterile 1 ! PBS to reach final OD 660 of 1. SP-A protein was added to the suspension to reach the final concentration of 7.5 g ؒ ml -1 . The suspension was incubated at 37 ° C and the bacterial aggregation was assessed by means of sedimentation rate, employing the optical density measurements ( = 660 nm) every 15 min for 1 h.
Adhesion Assay A549 cells were seeded on 24-well plates 48 h prior to the experiment in order to reach full confluency. On the day of the experiment cells were washed three times with sterile 1 ! PBS and cooled down on ice. The Newman S. aureus strain was cultured in TSB (Sigma-Aldrich) overnight. The bacteria were washed three times with 1 ! PBS and re-suspended in fresh D-MEM media to reach the final concentration of 10 6 cfu ؒ ml -1 . The suspension was further incubated for 30 min at 4 ° C with SP-A (25 g ml -1 ), but beforehand it was incubated with ScpA (50 n M ) or with control buffer.
S. aureus pre-incubated with SP-A protein (treated or untreated with staphopains) or control media was transferred onto A549 cells and incubated for 60 min at 4 ° C. After that time the bacteria suspension was removed and cells were washed three times with pre-cooled sterile 1 ! PBS. The cells and bacteria were detached from the plate surface with 0.5 ! trypsin-EDTA solution (PAA) at room temperature and serial dilutions were seeded onto tryptic soy agar plates.
Phagocytosis of S. aureus by Human Neutrophils S. aureus was cultured in TSB media (Sigma-Aldrich) overnight. After that the bacteria were centrifuged and washed three times with 50 ml of 1 ! PBS. Pelleted bacteria were further resuspended in 2 ml of 1 ! PBS and the optical density of bacterial cells was assessed ( = 600 nm). Cell count (cfu) was estimated based on previously developed standard curves and bacterial concentration was adjusted to 10 9 cfu ؒ ml -1
. To enable analysis of phagocytosis by flow cytometry, bacteria were incubated for 1 h at 37 ° C in 1 ! PBS containing 0.1% of fluorescein isothiocyanate (FITC; Sigma-Aldrich). Non-bound FITC was washed out with 1 ! PBS in order to reduce the background staining. Labeled bacteria were further incubated with the SP-A protein (25 g ؒ ml -1 ) for 45 min at 37 ° C in 5-ml round-bottom polystyrene tubes (Becton Dickinson). After the incubation, 25 l of S. aureus (10 9 cfu ؒ ml -1 ) or control media was mixed with the 250 l of neutrophil suspension (5 ! 10 5 cells ؒ ml -1 ) and incubated at 37 ° C for 60 min. Incubation was stopped by addition of 1 ml of ice-cold 1 ! PBS supplemented with BSA (0.1%). Cells were centrifuged (110 g , 5 min) and washed with 1 ! PBS to separate unbound bacteria. Eventually, cells were re-suspended in 1 ! PBS supplemented with BSA (0.1%). To exclude adherent but not internalized S. aureus from analysis, trypan blue was used as previously described [5] . FACS analysis was conducted on a FACScan machine (Becton Dickinson).
Statistical Analysis
All experiments were repeated at least three times and results are expressed as mean 8 SD. To determine the significance of obtained results, a comparison between groups was made using Student's t test. p values ! 0.05 were considered significant.
Results
Proteolytic Cleavage of SP-A by S. aureus Extracellular Proteases
This study assessed the ability of extracellular proteases of S. aureus to degrade SP-A and inactivate antimicrobial activities of this protein. To this end we have first incubated SP-A with various concentrations of S. aureus proteases (ScpA, staphopain B, V8 protease and aureolysin), and analyzed the SP-A protein degradation by SDS-PAGE.
The results clearly showed that SP-A was cleaved efficiently only by ScpA. Importantly, the ScpA concentration sufficient for total degradation of the SP-A protein The ability of S. aureus proteases to specifically degrade SP-A protein was also assessed in an ex vivo system to confirm that the observed effect was not a result of structural alteration associated with protein purification procedure, or the storage and reaction conditions. Briefly, freshly collected BALF was incubated with supernatants from overnight cultures of various S. aureus strains, including LAC, Newman and 8325-4. Western blot analysis clearly showed that the SP-A found in human BALF was degraded after incubation with S. aureus bacterial supernatants ( fig. 3 ).
Proteolytic Cleavage of Surfactant Proteins Decreases SP-A-Mediated Bacterial Aggregation
S. aureus lung infections have frequently been found to be coincident with infections by Gram-negative bacteria [40] [41] [42] [43] [44] . This suggests that SP-A degradation by ScpA may affect the clearance of other pathogens during polymicrobial pneumonia. A previously described model, based on Salmonella spp., was employed to test whether the ScpA-mediated degradation of SP-A affected this surfactant protein activity toward Gram-negative bacteria .
Incubation of Salmonella spp. in the presence of the SP-A protein resulted in the rapid sedimentation of bacterial aggregates. However, this effect was severely reduced if the SP-A protein was pre-incubated with S. aureus ScpA protease ( fig. 4 ). An assay using a specific synthetic cys- teine protease inhibitor (E64) and a natural ScpA inhibitor (staphostatin A) was conducted to determine whether the observed effect was the sole result of staphopain-mediated cleavage. The results suggested a direct link between the proteolytic activity of ScpA and the loss of function of the SP-A protein.
Proteolytic Processing of Surfactant Proteins Increases
Adherence of S. aureus to Epithelial Cells S. aureus binds to eukaryotic cells and it is possible that surfactant proteins may interfere with bacterial adherence to the epithelium, hindering their ability to colonize the respiratory tract [45] . This study analyzed the effect of the SP-A protein on the ability of S. aureus to adhere to A549 cells (ATCC CCL-185; a human lung carcinomaderived cell line). SP-A concentrations up to 5 g ؒ ml -1 did not affect the adherence of S. aureus to epithelial cells [46] ; therefore, in this study we tested SP-A activity at higher concentrations, but still well below the physiological range (50-100 g ؒ ml -1 ) of this protein concentration in the lungs. Already at 25 g ml -1 SP-A decreased bacterial staphylococci adherence to the A549 cell monolayer by ϳ 40%. Pre-incubation of SP-A with ScpA impeded this process and the number of bacteria attached to eukaryotic cells was restored to 1 80% in relation to the positive control ( fig. 5 ). This experiment clearly shows that ScpA may influence not only the direct effect of SP-A on bacteria, but also its interaction with host cells. Considering the importance of such findings, the subsequent analysis was designed to evaluate the ability of ScpA to impair the welldescribed role of SP-A in innate immunity, specifically pathogen phagocytosis by neutrophils.
Proteolytic Processing of Surfactant Proteins Impairs
Bacterial Phagocytocis by Neutrophils SP-A protein mediates bacterial phagocytosis by neutrophils [5, 23] . Flow cytometry was used to confirm this and it was found that the ratio of neutrophils actively binding and internalizing S. aureus bacteria was drastically increased in the presence of SP-A ( fig. 6 ) . However, the pre-incubation of SP-A with ScpA resulted in the loss of the ability to enhance phagocytosis ( fig. 1 ) , as shown by the change in the ratio between neutrophils which internalized FITC-labeled S. aureus and the whole neutrophil population. ScpA totally abrogated the effect of SP-A on bacteria engulfment as revealed by restoration of the neutrophil phagocytosis efficiency to the control level. Clearly, ScpA had no effect on the basal level of S. aureus of clearance by neutrophil. This observation indicates that staphylococcal protease targeted exclusively phagocytosis dependent on the SP-A-opsonizing activity.
Discussion
Three major catalytic classes of S. aureus extracellular proteases (i.e. metallo-, serine and cysteine proteases [47] ) exert a variety of virulence-related functions. These include tissue degradation [31, 32] , effect on the host immune defense [33] , interference with endogenous host enzymes [34] and the facilitation of bacterial dissemination [35, 36] . Here we show that degradation of SP-A by staphylococcal proteases may hamper bacterial clearance and facilitate the colonization of the human respiratory tract. SP-A interacts with a variety of bacteria and enhances pathogen uptake by phagocytic cells [5, 48, 49] . Human SP-A was shown to stimulate the serum-independent phagocytosis of S. aureus by alveolar macrophages and neutrophils [5, 23] . Furthermore, SP-A assists S. aureus n.s.
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phagocytosis by monocytes via its interaction with the C1q receptor on these cells [11] and the SP-R210 and SR-A receptors on macrophages [23] . The SP-A concentration in the BALF of healthy individuals was found to be high, reaching a concentration of 1 10 g ؒ ml -1 , thereby indicating even higher concentrations in surfactant fluid. Thus, in the current study SP-A was used at concentrations in the range of 7.5-25 g ؒ ml -1 . Similar concentrations were tested in previous reports [5, 50, 51] .
Previous studies of the interaction between bacteria and the SP-A protein found that P. aeruginosa elastase can efficiently degrade SP-A. An analysis of BALF from lung transplant patients with cystic fibrosis revealed the presence of SP-A fragments resulting from protease-mediated degradation [51] . Careful analysis of our experimental data revealed that a similar phenomenon is observed for S. aureus with ScpA being the most efficient protease in SP-A molecule degradation. ScpA-mediated cleavage of SP-A resulted in a decrease or complete inhibition of SP-A biological activity, including the promotion of S. aureus phagocytosis by neutrophils, aggregation of Gram-negative bacteria and bacterial adherence to epithelial cells. Experimental analysis of complete BALF from human lungs also showed that SP-A degradation by ScpA was not hampered by protease inhibitors or competing substrates that may be present in vivo. This experiment also showed that the amount of proteases secreted by clinical strains is sufficient to mediate cleavage. To further study the relevance of the process, an effort was made to determine whether staphopains are present in BALF from patients with staphylococcal respiratory tract infections. Immunoprecipitation followed by mass spectrometry SRM analysis failed to reveal the presence of ScpA in BALF samples (data not shown), which can be due to strain-specific variants of the enzyme primary structure. Unfortunately, no S. aureus strains were available to verify this possibility, which will be explored in future studies. The results of in vivo studies investigating the role of ScpA in S. aureus infection are rather inconclusive [52] . Nevertheless, several in vitro studies showed that both staphopains are involved in the modulation of the infectious outcome [29, 37, 38, 53, 54] . The discrepancy between in vivo and in vitro models can be readily explained because in contrast to human serum, mouse serum inhibits staphopain activity. Both enzymes were shown to efficiently degrade human endogenous protease inhibitors ( ␣ -1-antitrypsin and ␣ -1-antichymotrypsin) that are essential for the regulation of human serine protease activities [34, 55] and are important in protection of human lungs against uncontrolled proteolysis. Therefore, the deregulation of proteolytic homeostasis will most likely lead to excessive connective tissue degradation. This, together with the staphopain-mediated hampering of SP-A phagocytosis-promoting and -opsonizing functions may constitute ScpA as main virulence factors in the staphylococcal diseases of the lower respiratory tract. Overall, this study showed that the S. aureus protease ScpA functions as an important virulence factor that efficiently degrades SP-A, which is one of the key elements of lung innate immunity. Multiple models showed that degradation by ScpA results in the abolition of SP-A biological activity. The function of SP-A protein is described in detail both in vivo and in vitro [2, [18] [19] [20] [21] [22] [23] , so it may be assumed that the process observed is of clinical relevance.
Clinical observations of SP-A levels during bacterial pneumonia are inconsistent, because some authors have reported a rapid decrease in SP-A levels [49] whereas others found increased protein levels during infection [56] . This discrepancy is probably attributable to the methodology applied by researchers, particularly whether the test employed detected the SP-A fragments or only the complete protein. In this context, more work is required to determine the in vivo role of SP-A proteolytic digestion in the development of S. aureus -related pneumonia.
